We investigated the individual and combined effects of elevated CO 2 concentration and fertilization on aboveground growth of three poplar species (Populus alba L. Clone 2AS-11, P. nigra L. Clone Jean Pourtet and P. × euramericana Clone I-214) growing in a short-rotation coppice culture for two growing seasons after coppicing. Free-air carbon dioxide enrichment (FACE) stimulated the number of shoots per stool, leaf area index measured with a fish-eye-type plant canopy analyzer (LAI optical ), and annual leaf production, but did not affect dominant shoot height or canopy productivity index. Comparison of LAI optical with LAI estimates from litter collections and from allometric relationships showed considerable differences. The increase in biomass in response to FACE was caused by an initial stimulation of absolute and relative growth rates, which disappeared after the first growing season following coppicing. An ontogenetic decline in growth in the FACE treatment, together with strong competition inside the dense plantation, may have caused this decrease. Fertilization did not influence aboveground growth, although some FACE responses were more pronounced in fertilized trees. A species effect was observed for most parameters.
Introduction
There is increasing evidence that environmental conditions are changing globally (IPCC 1996) . Atmospheric carbon dioxide concentration ([CO 2 ] ) is increasing at an annual rate of 1% or more , which has serious implications for the productivity of plants and forests. Of particular interest for forestry is the observation that forests are growing at an accelerating rate in response to increasing [CO 2 ] (Spiecker et al. 1996) . Global climate change will impact wood production in forests and the role of forests in the global carbon and nutrient cycles. The need to intensify forest management has focused attention on the economic advantages of fast-growing tree plantations. Short-rotation coppice (SRC) forestry may be important for future energy production, but effects of elevated [CO 2 ] on biomass production in SRC have not been studied intensively (Will and Ceulemans 1997) .
Elevated [CO 2 ] has been observed to stimulate biomass production in many studies. Reviews report a mean stimulation of aboveground biomass of 73% for field-grown trees (Norby et al. 1999 ), a mean biomass stimulation of 38 and 63% for coniferous and deciduous trees, respectively (Ceulemans and Mousseau 1994) , and a 32% increase in total dry mass of forest trees (Wullschleger et al. 1997) . In contrast, in some studies, for example with Populus grandidentata (Curtis et al. 1994) and Populus tremuloides (Kubiske et al. 1997) , no stimulation of biomass by elevated [CO 2 ] was observed. In other studies elevated [CO 2 ] stimulated early growth (Hättenschwiler et al. 1997 , Centritto et al. 1999 ) but the duration of the effect was limited by the development of constraints such as low nutrient, water or light availability (Norby et al. 1999) . If plants grow more quickly in elevated [CO 2 ], the ontogenetic decline in growth rate (Jarvis and Jarvis 1964) occurs sooner, resulting in growth rates returning to control values after the initial stimulation. Reduced stimulation in the presence of elevated [CO 2 ] has also been postulated to arise from either end-product inhibition (i.e., down regulation by carbohydrate accumulation) or as a result of acclimation (i.e., physiological adjustments to improve plant performance) (Norby et al. 1999) .
The primary factors determining plant productivity (besides drought) are photosynthetic efficiency and light interception, the latter depending on leaf area and tree architecture (Monteith 1977) . In wood-producing crops, productivity is closely correlated with leaf area (Hinckley et al. 1992) . Leaf area index (LAI) has frequently been reported to increase in response to elevated [CO 2 ] (Wullschleger et al. 1997 , Norby et al. 1999 , Janssens et al. 2000 , although results vary with species and experimental design. Increased LAI in elevated [CO 2 ] results in earlier canopy closure, and thus in enhanced competition for light among shoots. Strong competition can lead to reduced growth stimulation by elevated [CO 2 ] (Jach and Ceulemans 1999) . Because the temporal dynamics of LAI are of interest, nondestructive methods for LAI determination are required. However, because of high variability among LAI assessment methods, destructive techniques are considered necessary calibration techniques (Jonckheere et al. 2004) .
The large increases in carbon sequestration expected in response to elevated [CO 2 ] in forests could be limited by nutrient availability, especially by nitrogen (Oren et al. 2001) . Forests typically grow on nutrient-poor sites, but the predicted global change implies greater nitrogen deposition, which may enhance aboveground biomass production of ecosystems (Hät-tenschwiler and Körner 1998, Norby 1998) . Besides, several studies have shown a CO 2 stimulation of biomass only in fertilized conditions (Oren et al. 2001 , Sigurdsson et al. 2001 ), indicating that possible interactions between CO 2 and fertilization need to be considered.
This study was carried out in an SRC culture of poplars (EUROFACE, Central Italy) growing in a free-air carbon dioxide enriched (FACE) atmosphere under fertilized and unfertilized conditions. We investigated the effects of FACE and fertilization (F) on the growth performance of coppiced shoots to answer the following questions: (1) does elevated [CO 2 ] stimulate growth of coppiced shoots; (2) is there a CO 2 × F interaction; (3) will a possible growth stimulation be sustained after canopy closure; (4) what are the possible mechanisms underlying any stimulation of productivity; and (5) how do different species respond?
Materials and methods

Site description
The FACE facility is located in central Italy, near Viterbo (Tuscania; 42°22′ N, 11°48′ E, altitude 150 m) on 9 ha of former agricultural land. Following detailed soil analyses, six 30 × 30-m experimental plots (120 m apart) were selected and a FACE design was installed in three of the plots. The other three plots were left under natural conditions to represent the control plots. Elevation of [CO 2 ] was achieved by the release of CO 2 from octagonal PVC rings (22-m diameter) mounted on a tower crane. Pure CO 2 was released through laser-drilled holes in the ring to a target concentration of 550 µmol mol -1 inside the FACE treatment plot. The [CO 2 ] within the FACE plots was 554 ± 1.6 and 535.9 ± 20.4 µmol mol -1 during the first (2002) and second (2003) years after coppicing, respectively (F. Miglietta, CNR-IATA, Florence, Italy, unpublished results). Elevated [CO 2 ], measured at 1-min intervals, was within 20% of the target concentration 89.4 and 72.2% of the time during the first and second years. Daytime CO 2 enrichment was provided from bud burst to leaf fall. An automatic monitoring station at the center of each ring collected meteorological data that was used to control the directional release of gas around the ring. The amount of gas released was determined by wind speed and by an algorithm based on a three-dimensional gas dispersion model developed for the facility. A description of the design and performance of the FACE facility is given by Miglietta et al. (2001) .
Plant material and plantation layout
In late spring 1999, the main plantation was established with hardwood cuttings of Populus × euramericana (Dode) Guinier (clone I-214) at a density of 5000 trees ha -1 (2 × 1 m). Within the main plantation, plots were planted with hardwood cuttings of three species: a local selection of P. alba L. (Clone 2AS-11), P. nigra L. (Clone Jean Pourtet) and P. × euramericana (Dode) Guinier, (Clone I-214) at a density of 10,000 trees ha -1 (1 × 1 m). Each 314-m 2 plot contained 315 plants, and was divided in two by a resin-glass barrier (1 m soil depth) to avoid movement of nutrients between the halves of the plot. The plantation was designed and managed as an SRC with typically high plant densities (Mitchell et al. 1999) . In winter 2001, after 3 years of growth, all trees were cut at the base of the stem (5-8 cm above ground), resulting in stools with many new resprouting shoots in spring 2002. In the fertilized treatments (half of each plot), nitrogen was supplied at total concentrations of 212 and 290 kg ha -1 during the first and second years, respectively. Hydraulic pumps, installed outside each plot, distributed the fertilizer (first year, Navarsol 20,6,6 (N,P,K; TIMAC, Milan, Italy); second year, ammonium nitrate 34,0,0 (N,P,K)) through the drip-irrigation system. Fertilization was provided once per week starting on July 8, 2002, and May 6, 2003 , for a period of 16 and 20 weeks during the first and second years, respectively. Each half plot was further divided into three triangular sectors, one per species, thus yielding six sectors per plot. Plantation management included continuous drip irrigation, mechanical herb removal and a limited application of insecticides. For further plantation details see Scarascia-Mugnozza et al. (2000) .
Height and diameter
Growth was monitored at regular intervals from June to November 2002 , and from bud burst in April to November 2003. All measurements were performed in the Permanent Growth Plots (PGPs), i.e., a group of six adjacent stools (two rows of stools) within a sector, surrounded by at least one row of the same species and treatment. Scaffoldings, mounted next to every PGP, provided access to the canopy.
Stem diameters 20 cm above ground of all living shoots of the six stools in the PGPs were measured with a digital calliper. Shoot basal areas (BA) were calculated, summed per stool and averaged per PGP, giving the mean sum of basal area (SBA). Height of the tallest (i.e., dominant) shoot of each stool inside the PGP was measured with a pole.
Absolute and relative growth rates
For each PGP, absolute growth rate (AGR), as described by Kvèt et al. (1971) , and relative growth rate (RGR), as described by Evans (1972) , were calculated:
where SBA 1 and SBA 2 are the means of the sum of BAs (cm 2 ) of the six stools inside the PGPs at times t 1 and t 2 (days), respectively. Monthly values were averaged to the yearly mean AGR (AGR m ) and RGR (RGR m ).
Leaf area index and annual leaf production
Canopy leaf area index (LAI optical ) was measured monthly throughout both growing seasons with a fish-eye-type plant canopy analyzer (LAI-2000, Li-Cor, Lincoln, NE) at sunset, when no direct light reached the sensors. Measurements were performed with a 45°view cap at 14 below-canopy positions per PGP in different directions to account for spatial variation and planting design. During the first year after coppicing, reference measurements were taken at 15-s intervals with a second LAI-2000 instrument installed in a clearing next to the experimental site. During the second year, all measurements were made with one instrument, taking a reference measurement outside the plantation before making below-canopy readings in each PGP. Measurements made with the plant canopy analyzer include both stems and branches. To estimate the importance of light interception by stems, we measured the wood area index (WAI) with the LAI-2000 instrument in January 2004, when shoots were leafless. These values were subtracted from the measured LAI optical at time of bud set, because from then on, no new branches were produced. We estimated LAI litter from weekly leaf litter collections (108 litter baskets evenly distributed among the PGPs) with a mean species-and treatment-dependent specific LAI. Because of seasonal leaf dynamics, the validation of LAI optical was performed at the time of bud set. Total annual leaf production of the second year was estimated as the sum of all the litter fallen in 2003.
We validated the LAI optical by comparing it with LAI estimated from allometric relationships (LAI allometric ) and LAI litter . In September 2003, LAI allometric was estimated from allometric relationships between shoot BA and leaf area per shoot measured with a portable CI-203 area meter (CID, Camas, WA). Because analysis of covariance (ANCOVA) indicated no effects of FACE and fertilization on the slopes or intercepts of the relationships, data were pooled per species (species effect on slope of regression, P = 0.0012). We scaled up leaf area from the BAs of all shoots within PGPs and from the first row surrounding the PGPs based on the species-specific allometric relationships.
Aboveground wood biomass production
In September 2002 and March, June and September 2003, we harvested shoots selectively from a range of diameter classes in the area surrounding the PGPs. Diameters were measured 20 cm above ground, and after removing the leaves, shoots were oven-dried for 4 days at 70°C and weighed.
Based on the data collected in the four subsequent harvests, allometric relationships between BA and shoot dry mass were established for each species (Table 1) . Data from different treatments were pooled per species, because species differed significantly in their regression slopes (P = 0.0094). Analysis of covariance indicated no effects of FACE and fertilization on the relationship between BA and shoot dry mass, except for P. nigra, for which FACE significantly changed the slope (P = 0.0475) of the regression, although previous studies , Calfapietra et al. 2003a found no structural change in response to FACE. We used different relationships for control and FACE-treated P. nigra, to increase the reliability of our biomass estimations. A relationship through the origin was chosen to avoid negative biomass values when using negative intercepts. Living biomass was estimated from BAs of all living shoots at the end of the growing season in 2002 and 2003, based on the allometric relationships. In 2002, all dead shoots were harvested, dried and weighed. In the winter of 2004, allometric relationships between BA and dry mass of dead shoots were determined per species and were used together with BAs of all dead shoots in the PGPs to estimate dead biomass of 2003. Total aboveground biomass production was calculated as the sum of living and dead biomass.
Aboveground net primary production and canopy productivity index
The aboveground net primary production (ANPP; Mg ha -1 year -1 ) in the second year after coppicing was calculated as the sum of the total aboveground woody biomass production and the annual leaf production determined with the leaf baskets during the second year. The canopy productivity index (CPI) was calculated as total shoot biomass divided by total leaf area (g m -2 ) during the second year.
Statistical analysis
The main effects of elevated [CO 2 ] (FACE and control treatments), fertilization (fertilized and unfertilized treatments), their interaction and the effect of species (P. alba L., P. nigra L. and P. × euramericana) on all variables were evaluated by analysis of variance (ANOVA). The design was a randomized complete-block with CO 2 treatment, fertilization, species and their interactions as fixed factors, and block as a random factor. Statistical tests were performed with SAS System 8.1 (SAS Institute, Cary, NC) software package. Plots were considered to be replicates. When interactions were significant, a posterior comparison of means was performed. The P values of these multiple comparisons were Tukey-corrected to reduce the chance of type I errors. Data were tested for normality with 
Results
Shoot number
During both growing seasons, FACE substantially increased the number of shoots per stool ( Table 2 , Figure 1 ), but a posterior comparison indicated that this effect was statistically significant only for P. nigra. Overall, the number of shoots differed significantly among species (Table 2) , with P. nigra consistently having the most shoots. Shoot mortality was high; during the first year after coppicing, the number of shoots decreased by 41, 12 and 10% for P. alba, P. nigra and P. × euramericana, respectively. During the second year after coppicing, shoot mortality was 28, 39 and 29%, respectively. Generally, fertilization decreased the number of shoots. In the control treatment, this decrease was significant only in June and at the end of July 2002, whereas the decrease was significant throughout 2003 in the FACE treatment.
Shoot height
The poplar shoots grew rapidly (1 to 3 cm day -1 ) during the peak of growth between May and August, reaching more than 50% of their final height (Figure 1 ) during the first year after coppicing. There was a slightly significant FACE effect, but after posterior comparisons, these effects were, disregarding some exceptions, blurred. Differences between species were significant (Table 2), with P. × euramericana generally being the tallest species. Fertilization did not affect dominant shoot height ( Table 2 ). The CO 2 × F interaction in April 2003 indicated a significant FACE effect in the fertilized treatment (P = 0.043).
Absolute and relative growth rates
During the first year after coppicing, FACE significantly (P < 0.01) increased AGR m , with P. nigra showing the strongest significant stimulation of 42.6% (Figure 2) . A posterior comparisons indicated that FACE significantly stimulated AGR m only in the fertilized treatments. In the first year after coppicing, AGR m differed significantly (P < 0001) among species, with P. alba having the lowest AGR m ; however, the species effect on AGR m was not significant in the second year. The significant FACE effect disappeared in the second year, although P. alba and P. nigra still showed a positive stimulation of AGR m in FACE. A similar pattern was observed for RGR m . The logarithmic plots (Figure 3) , the slopes of which represent RGR, showed that RGR of SBA was significantly (P < 0.0001) larger in the FACE treatment than in the control treatment during the first year. Subsequently, the distance between the curves remained constant (i.e., with the same slope at the same time), indicating that RGR did not differ between CO 2 treatments in the second year. Among species, P. × euramericana was the exception, having equal slopes in the first year in the FACE and control treatments. The species effect on RGR m was highly significant (P < 0.0001) in the first year after coppicing and remained significant (P < 0.05) in the second year as RGR m declined. Among species in the first year, P. alba was characterized by the strongest (significant) stimulation of 39.5%. Both AGR m and RGR m decreased considerably from the first to the second year (Figures 2 and 3) . 182 LIBERLOO ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 Table 2 . Analysis of variance (ANOVA) of mean number of living shoots per stool and dominant shoot height (cm) of three Populus species in FACE and control treatments under fertilized and unfertilized conditions at different dates during the first and second growing seasons after coppicing. Significance (P values of the ANOVA F test) of the effects of CO 2 , fertilization (F), species and their interactions are indicated: ns = nonsignificant; * = P < 0.05; ** = P < 0.01; *** = P < 0.001; and **** = P < 0.0001. Interactions that were never significant are not shown. There was no effect of fertilization and none of the interactions were significant for AGR m and RGR m .
Leaf area index
During the first and second growing seasons after coppicing, FACE significantly increased LAI optical (Table 3, Figure 4 ). Relative differences between FACE and control averaged over fertilized and unfertilized treatments ranged from +1.7 to +38.7%, +4.7 to +38.5% and +3.9 to +45% for P. alba, P. nigra and P. × euramericana, respectively. These differences were significant ( values at the time of bud set substantially reduced LAI values in all cases ( Figure 5 ). We validated our estimates based on LAI optical by comparison with estimates derived from LAI allometric or LAI litter ; LAI optical values mainly overestimated LAI allometric (Figure 6 ), whereas the comparison with LAI litter was more scattered. Figure 5 shows that estimates from LAI litter resulted in the highest LAI.
Leaf production
In addition to a significant increase in LAI optical , FACE significantly increased annual litter production (Table 3, Figure 7) , and there was a significant difference in leaf litter production among species. Annual leaf litter production (dry mass) ranged between 795 and 1102 g m -2 , depending on species and the combination of treatments. There was no effect of fertilization, and the FACE effect persisted in both fertilized and unfertilized treatments.
Aboveground biomass production, aboveground net primary production and canopy productivity index
After the first and second years of growth, FACE did not significantly increase aboveground biomass production (Table 4, Figure 8 ). No clear stimulation of wood biomass by FACE was found in the unfertilized treatments. In the fertilized treatments, shoot growth of P. alba and P. nigra increased 39 and 27.2%, respectively, in response to elevated [CO 2 ], and there was a significant CO 2 × F interaction at the end of the second year. The percentage of dead biomass ranged between 4 and 7%, depending on species. Biomass production significantly differed among species at every measurement (Table 4 ). In the first growing season, P. nigra had the highest aboveground woody biomass production: means of 22.4 and 20.2 Mg ha -1 year -1 in the FACE and control treatments, respectively. Values in the FACE and control treatments were 15.5 and 14.1 Mg ha -1 year -1 for P. alba, and 14.4 and 14.4 Mg ha -1 year -1 for P. × euramericana, respectively. After 2 years, P. nigra continued to have the highest production: 34.6 and 30.8 Mg ha -1 year -1 for FACE and control treatments, respectively. During the second year after coppicing, annual aboveground wood biomass production dropped by about 35% compared with the first year.
The ANPP was significantly higher in the FACE trees than in the control trees (Table 4, Figure 9 ) for the fertilized treatments only (P = 0.028). The ANPP did not differ between species or fertilization treatments and none of the interactions were significant. FACE increased CPI by 13.4% in the fertilized treatments, whereas a negative effect of FACE was detected in the unfertilized treatments (-9.4%; Table 4, Figure 9) ; however, these differences were not significant. Neither fertilization nor any of the interactions affected CPI. Species differed significantly, with CPI of P. nigra and P. × euramericana differing the most in the FACE treatment. 184 LIBERLOO ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 Figure 3 . Time course of the mean sum of basal area (SBA) ± SE of three Populus species in FACE () and control (ᮀ) treatments during the 2 years after coppice. The SBA data are pooled among fertilization treatments and plotted on a logarithmic scale so that the slopes of the lines represent the relative growth rates. Table 3 . Analysis of variance (ANOVA) of optical leaf area index (LAI optical ), wood area index (WAI) and cumulative annual litter fall (g litter m -2 ground) of three Populus species in FACE and control treatments under fertilized and unfertilized conditions at different dates during the first and second growing seasons after coppice. Significance (P values of the ANOVA F test) of the effects of CO 2 , fertilization ( F ), species and their interactions are indicated: ns = nonsignificant; * = P < 0.05; ** = P < 0.01; *** = P < 0.001; and **** = P < 0.0001. The three-way interaction and the CO 2 × Species interaction were never significant. The CO 2 × F interaction was significant at P < 0.05 only for LAI on September 13 and the interaction Species × F was significant at P < 0.05 only for LAI on November 3. 
Discussion
During the 2 years after coppicing, LAI optical was stimulated up to 45% (Table 3) by FACE. An increased number of shoots (Table 2 ) and sylleptic branches (especially for P. nigra; Calfapietra et al. 2003b ) and increased leaf sizes (Ferris et al. 2001 (Ceulemans et al. 1995 , Norby et al. 1999 . Our study trees exhibited a 51 to 111% stimulation of LAI in elevated [CO 2 ] in the first year after establishment, depending on the species . The significantly increased annual litter production during the second year after coppicing confirmed the stimulation of LAI optical in FACE after canopy closure. This was in contrast to findings from before coppicing (POPFACE, , where it was hypothesized that optical LAI was unaffected by FACE after canopy closure, because FACE increased shading and competition, resulting in enhanced leaf fall or leaf turnover. Moreover, there was no positive effect of FACE on litter production in the period before coppicing (Calfapietra et al. 2003a ). Another reason for the observed increase in leaf production in elevated [CO 2 ] could be a longer growing season caused by shifts in phenology. However, as was found before coppicing (Calfapietra et al. 2003b ), time of bud burst and bud set did not change in FACE after coppicing (C. Calfapietra, unpublished results). From Figure 4 , it appears that the FACE stimulation of LAI of P. × euramericana increased during the year, probably indicating delayed leaf fall during canopy decline in FACE (Tricker et al. 2004 ).
Validation of indirect estimates of LAI with direct techniques is strongly recommended (Cutini et al. 1998 , Jonckheere et al. 2004 ) because of the errors associated with the assumptions of indirect techniques. Our validation showed high variation among techniques for determining LAI. The LAI-2000 instrument includes leaves, stems and branches when calculating the gap fraction. However, branches are partly shaded by leaves in summer. Thus, by subtracting the WAI measured in winter, we overcompensated the share of branches in the calculation of the gap fraction. The direct determination of LAI with the allometric relationships resulted in values lower than those measured with the LAI-2000 (Figure 5) . The loss of leaves during harvest, folded leaves and the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com RESPONSES OF POPLAR COPPICE TO ELEVATED CO2 CONCENTRATION proportion of branches in the gap fraction seen by the LAI-2000 instrument may account for the discrepancy between LAI allometric and LAI optical . The litter traps provided an integrated measure for leaf production and calibration at the moment of bud set under the assumption of spatial homogeneity of the canopy (Jonckheere et al. 2004 ). Uncertainties about canopy specific leaf area profiles could explain the differences between LAI optical and LAI litter .
The higher LAI in the FACE treatment than in the control treatment may partly explain the 9.4% (nonsignificant) increase of aboveground biomass production at 2 years after coppicing. Biomass production of poplars, in particular, is reported to have an overall positive response to elevated [CO 2 ] ranging from 22 to 90% for total or stem biomass . The significantly higher number of shoots per stool (Table 2) , together with higher growth rates, may have caused this stimulation. Increased allocation of carbohydrates to the roots could explain why the significant increase in LAI in FACE did not result in significant stimulation of biomass. Dominant shoot height was stimulated by FACE (P < 0.05), but the effect was not highly significant; this is, however, a frequently reported response to elevated [CO 2 ] (Vivin et al. 1995 , Tissue et al. 1997 , Walker et al. 2000 .
Throughout the study, there was no consistent or clear effect of fertilization. Many studies have demonstrated the importance of nutrient availability in determining plant responses to elevated [CO 2 ] (Curtis and Wang 1998). As concluded from a review on the effects of elevated [CO 2 ] on poplars , growth of poplars is stimulated more by increased atmospheric [CO 2 ] when growing in fertile soils. These reported fertilization effects refer to comparisons between low-and high-fertility conditions, whereas in our experiment, the soil in the unfertilized plots was of agricultural origin and thus had relatively high nutrient concentrations. The overall absence of a fertilization effect indicates that, in the unfertilized plots, nutrients were sufficient in both FACE and control treatments. Nevertheless, fertilization did affect the 186 LIBERLOO ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 (2003) growing season after coppicing, and net primary aboveground production (ANPP) and canopy productivity index (CPI) after the second growing season of three Populus species in FACE and control treatments with and without fertilization. Significance (P-values of the ANOVA F-test) of the effects of CO 2 , fertilization, species and the interaction CO 2 × F are indicated: ns = nonsignificant; * = P < 0.05; ** = P < 0.01; *** = P < 0.001; and **** = P < 0.0001. All of the effects of fertilization (F) were nonsignificant, as were the interactions Species × F and CO 2 × Species × F. number of living shoots, and, in FACE, mortality was lower in the unfertilized treatments compared with the fertilized treatments. Fertilization strongly increased competition in FACE and consequently enhanced mortality (results not shown). However, when dead biomass was included, fertilized FACE plots had the largest total biomass production ( Figure 8 ). Also, as total living biomass in unfertilized FACE plots was lower than in fertilized plots, biomass production was more dependent on shoot diameter than on shoot number. Fertilization decreased the AGR of all species in the control plots in 2002 (Figure 2 ). Given the trend of lower aboveground biomass production in the fertilized control plots (Figure 8 ), combined with higher mortality in the fertilized plots (Figure 1 ), this may indicate that some form of toxicity limited shoot growth under the fertilized control conditions. In the second year after coppicing, stimulation of biomass production was strongest in the fertilized treatments (slightly significant CO 2 × F interaction). Also ANPP was stimulated in FACE, but only in the fertilized treatments. The increased CPI in the fertilized treatments (13.9%, appreciably less than the 26% mean stimulation for 13 studies reviewed by Norby et al. (1999) ) and decreased CPI (-9%) in the unfertilized treatments were similarly found for Populus trichocarpa (Sigurdsson et al. 2001 ). An increased CPI under high-fertility conditions may indicate increased partitioning to aboveground structures, or increased photosynthetic capacity as a result of a higher leaf nitrogen concentration. Thus, although there was no general significant CO 2 × F interaction, we conclude that during some periods there was a stimulating effect of fertilization in the FACE treatments.
A species effect was observed for almost all measured parameters. For instance, 2 years after coppicing, P. nigra had the highest biomass production, largely because of the high number of shoots per stool and the numerous sylleptic branches. Clones with proportionally more sylleptic branches generally have greater stem volumes (Hinckley et al. 1992 ). This species variability in CO 2 effects has been widely proposed to explain the variability in responses. The potential species effect might be confounded by many other factors, such as environmental factors (Norby et al. 1999) .
We tested the hypothesis that the growth stimulation predicted in FACE occurs only briefly following the initial exposure. We found that both AGR m and RGR m were significantly stimulated in FACE, but only during the first year after coppicing. There are at least three possible explanations for the decreased response to elevated [CO 2 ] during the second year after coppicing. First, a feedback inhibition, in which accumulation of starch in chloroplasts and a reduction in the quantity and activity of photosynthetic enzymes decreases rates of photosynthesis, can decrease the FACE stimulation. Here the source-sink balance plays an important role (Stitt 1991 , Poorter 1993 . Results on down-regulation in the first year after coppice are conflicting. Bernacchi et al. (2003) showed down-regulation in P. nigra, and proposed the strong sink limitation of P. nigra as a cause. However, Calfapietra et al. (2003a) showed that, among the study species, P. nigra had the largest branch production and consequently higher sink strength. Greater reserves of carbohydrates in the root system of the coppice system could have increased transport to shoots, possibly causing down-regulation (Bernacchi et al. 2003) . Second, an accelerated decrease in tissue nutrient status in response to elevated [CO 2 ], as found by Brown (1991) RGR in response to elevated [CO 2 ] may cause greater biomass production over time; however, plant RGR declines ontogenically. Thus, enhanced growth in FACE results in a lower RGR compared with control plants of the same age (Bazzaz et al. 1993 , Poorter 1993 , Centritto et al. 1999 .
In our experiment, RGRs in FACE increased until September of the first growing season after coppicing. Thereafter, RGRs were essentially similar in the FACE and control treatments. Populus × euramericana was the exception to this pattern; it showed little or no stimulation of RGR in response to FACE (Figure 3) , resulting in a similar biomass production in both FACE and control treatments (Figure 8 ). When plants were compared at the same time, RGR was higher in FACE, but when compared at the same size (Centritto et al. 1999 , Calfapietra et al. 2003b , RGR was only higher in FACE during the first period of treatment, when the trees were small (SBA < 2500 mm 2 ; results not shown). These results demonstrate that the primary effect of FACE on growth was an increase in the initial RGR (Norby et al. 1996 , Tissue et al. 1997 . The ontogenetic decline in RGR after the first year was enhanced by the increasing effect of competition. Stools produced many shoots after coppicing, and canopy closure was reached within the first year (Liberloo et al. 2004 ). There was strong competition inside stools (shown by the strong decline in shoot number in Figure 1 ), which could have reduced the early growth stimulation.
Coppicing stimulated biomass production for the three species and all treatments by 29.7% compared with production reached in 2 years following establishment (Calfapietra et al. 2003a) . Shoots resprouted from stools having a 3-year-old root system that contained carbohydrate reserves to support rapid regrowth and the production of a large number of shoots per stool (up to 40 shoots per stool for P. nigra). Growth and wood biomass production were both stimulated by FACE to a smaller extent after coppicing than before coppicing (Calfapietra et al. 2003a) . How can this decrease be explained? Hovenden (2003) postulated that, because of the rapid production of a large leaf area coupled with a reduced root biomass after coppicing, the source-sink relationship was larger in coppiced trees than in non-coppiced trees. This lower sink strength could eventually result in limited growth. However, Will and Ceulemans (1997) concluded that coppiced trees had the same response pattern to elevated [CO 2 ] as non-coppiced trees.
We investigated the effects of FACE on the aboveground growth of a poplar coppice and examined mechanisms that could underlie the stimulations observed 2 years after coppicing. We found that a higher LAI was sustained in FACE after canopy closure, which supported increased aboveground biomass production. If this positive CO 2 effect is maintained after canopy closure, it will have important implications for the carbon balance of terrestrial ecosystems, because forests could behave as a larger carbon sink under future atmospheric conditions. We did not find a clear CO 2 × fertilization interaction, although FACE effects were sometimes more pronounced in the fertilized treatments. This study has shown that the stimulation of leaf area and biomass was a result of the initially higher RGR in FACE, and we expect that future research at the EUROFACE site will clarify whether the CO 2 -related growth stimulation is sustained following the onset of stand self-thinning.
